I. INTRODUCTION

W
ITH the luminosity upgrade of the CERN Large Hadron Collider [1] , foreseen for installation in 2024-2025, quadrupole, dipoles and correctors in the insertions around the main experiments ATLAS and CMS will be replaced with larger aperture magnets [2] . In particular, the present 70-mm-aperture Nb-Ti quadrupoles of the triplet will be replaced with 150-mmaperture Nb 3 Sn quadrupoles, and the peak field will be increased from the 8 T to the 12 T range. The new quadrupoles will have a nominal field gradient of 132.6 T/m for a coil peak field of 11.4 T, and shall be able to reach the so-called ultimate performance, corresponding to 7.5 TeV operation, with 143 T/m gradient and 12.3 T peak field in the coil. The triplet is composed by four magnets labeled Q1, Q2a, Q2b and Q3. Both Q1 and Q3, manufactured by the US HL-LHC Accelerator Upgrade Program, will be split in two 4.2-m-long magnets, whereas Q2a and Q2b, manufactured at CERN, will have the same magnetic length of 7.15 m. In both cases, these will be new records for the length of an accelerator magnet in Nb 3 Sn. The magnet design [3] relies on the 10 year R&D carried out in the US [4] , based on short models with smaller aperture TQ and HQ, and a 3.4-m-long magnet LQ tested between 2009 and 2016. The development program for the new triplet magnets includes a common effort from US and CERN to build five short models sharing the same design, called MQXFS [5] , featuring the final cross-section and mechanical structure. The first short model MQXFS1, assembled at LBNL with two CERN coils and two US coils was tested in FNAL in 2015 [6] . The two successive models MQXFS3 and MQXFS5 were tested at CERN in the two new vertical test benches called the High Field Magnet (HFM) bench and the Cluster D (see Fig. 1 ). A critical aspect was that the magnet tests were carried out together with the commissioning of both facilities.
In this paper we give a short overview of the two benches, an outline of the commissioning issues, and we introduce the main parameters of the two magnets. Then, the test results of MQXFS3 and MQXFS5 are discussed focusing on the quench performances. MQXFS1 magnet, as reported in [6] , reached the target performance. The MQXFS3 performance was limited by one coil showing erratic quench current; the MQXFS5 reached target performance, corresponding to 84% of the short sample limit. Protection studies, magnetic field quality and mechanical measurements are discussed in separated papers [7] , [8] .
II. TWO NEW CERN TEST FACILITIES
A. The High Field Magnet (HFM) Bench
Originally dedicated to the qualification of FReSCa2 magnet [9] , [10] , the HFM bench [11] can host 2.4-m-long and 1500-mm-large magnets with a 20 kA powering capacity. This test station allows proving the target performance of 17.9 kA of MQXFS, but not to push it to the maximum theoretical current based on short sample measurements (short sample limit), which is around 22 kA.
HFM bench was commissioned with the test of MQXFS3. During the first run, the bench was limited to 2.1 K due to an excessive heat in-leak into the 1.9 K bath under the lambda plate. This limitation was due to the fabrication errors of the cryostat that exceeded the tolerances, and the design did not include any sealing between the cryostat and the lambda plate. For the second run, a temporary sealing solution was adapted, allowing to carry out the test at 1.9 K. The commissioning of the HFM bench was completed with the test of MQXFS3 in autumn 2016, and a solution for a definitive sealing was found in fall 2017.
B. The Cluster D Bench
Cluster D is the test bench designed to test the MQXF magnets. It can host 5.4-m-long and 900-mm-large magnet and its two 15 kA parallel power convertors make possible to reach 30 kA, well above the short sample limit of 22 kA of the MQXF the magnets. The length of the test station was pushed to the maximum value compatible with the infrastructures. It allows to accommodate the 4.2-m-long Q1/Q3 magnet produced in the US. The 7.15-m-long Q2a/Q2b magnet is well beyond these limits, set by the height of the building and of the crane; this magnet will be tested in an adaptation of the horizontal bench used for the 15-m-long LHC dipoles. The test of MQXFS5 completed the new test facility commissioning in the first half of year 2017.
C. Advanced Voltage Detection Electronic Cards
The upgrade of the facilities also involves the development of new electronic cards allowing to have protection thresholds Fig. 2 . Critical currents versus magnetic field for MQXFS3 coils: values from strand specifications, and fit curve of measurements performed on extracted strands dependent on the current [12] . This feature is needed in the Nb 3 Sn magnets since at low current the flux jumps produce voltage spikes well above the 100 mV threshold required for protection at high field. The cards worked as specified allowing to bypass the flux jump region. In previous tests of Nb 3 Sn magnets, thresholds had to be changed manually during the ramp.
The four coils direct voltage signals are connected to an interface sustaining full data-rate readout of five channels at 909 kHz sampling rate, much higher than the classic quench detection systems running in parallel (100 kHz). The higher resolution signals allowed to identify more precisely the voltage disturbance pattern during training (see Section IV-C)
D. Magnet Instrumentation
For the quench detection both magnets have been instrumented with 64 voltage taps, 8 taps for each of the 2 layers of the 4 coils. Both magnets have been equipped with 32 Strain Gauges (SG) to monitor the azimuthal and axial strain of the shell (8 SG), of the coils (8 SG) and of the rods (16 SG).
In MQXFS5 instrumentation based on Fiber Bragg Grating (FBG) sensors [13] was also added to measure the strain in the same locations and directions of the SG, i.e., shell and coils. In total 16 FBG sensors for strain monitoring and 4 FBG sensors for thermal compensation have been read out using 10 fibers. Test benches are now fully equipped with optical fibers and readout systems.
III. SHORT MODEL CONSTRUCTION AND ASSEMBLY FEATURES
A. MQXFS3
MQXFS3 was assembled with 3 coils fabricated by CERN (coil 105, 106, 107) made of RRP 132/169 conductor and one (coil 7) fabricated by US-LARP, made of RRP 108/127. The short samples at 1.9 K of these conductors (measured on extracted strands) are shown in Fig. 2 and range between 21.0 and 21.5 kA. These values include self-field correction. The 16.4 kA nominal current corresponds to 76-78% of the short sample limit, and the ultimate current of 17.9 kA is 84-85% of the short sample limit. Magnet loading aimed at reaching an azimuthal compression of 107 MPa at 1.9 K and 0 A; this is about 20 MPa larger than in MQXFS1 (see [14] for more details).
B. MQXFS5
MQXFS5 was the first magnet to be assembled with four coils using PIT 192 conductor and manufactured at CERN. The critical surfaces at 1.9 K and 4.2 K and the loadline are shown in Fig. 3 . The short sample field at 1.9 K is a few percent lower than RRP used in MQXFS3, i.e., between 20.5 and 21.0 kA. Therefore, at nominal current the magnet is at 78-80% of the short sample limit. The magnet loading aimed at reaching an azimuthal compression in the coil pole of 117 MPa at 1.9 K and 0 A, i.e., 10 MPa more than in MQXSF3 (see [14] for more details).
IV. MQXFS TEST MAIN FEATURES
A. Test Procedure
The nominal ramp rate is 14 A/s. All magnet training were carried out at 20 A/s to save test time. The training plan is to work at the operational temperature of 1.9 K, aiming to reach ultimate performance or a performance plateau. Then the ramp rate tests ranging from 10 to 300 A/s are done to verify the existence of operational margin. Under nominal magnet performance, the degradation starts around 300 A/s. After the ramp rate, the magnet is warmed up to 4.2 K and a few quenches are done to further verify the existence of a temperature margin. Quenching at the same level of 1.9 K of slightly below confirms the existence of a considerable (larger than 2 K) temperature margin. Then the magnet is warmed up and cooled down to 1.9 K prove the training memory. This is the most relevant performance test since it is representative of the magnet behavior once installed in the HL-LHC. The target is to have at most one quench to nominal after a thermal cycle, to limit the training during the commissioning and operation of the HL-LHC.
B. High-Voltage Tests
Both magnets were tested according to the current HL-LHC specifications (3 kV coil to ground and quench heater to ground at room temperature). In liquid helium, MQXFS3 was tested at 1.5 kV and MQXFS5 at 2.3 kV.
For MQXFS3, weakness in the ancillary CLIQ (see Section IV-D) current lead electrical insulation limited the test to 1 kV at 1.9 K. For MQXFS5, the first test at room temperature failed due to the presence of non-insulated screw on the pole contacting the magnet yoke. The magnet was reassembled removing the screw but once connected to Cluster D, weakness in the insert cables and connectors prevented to pass the tests at 3 kV. To reduce the risk of connector deterioration, the insulation test of MQXFS5 was limited to 1 kV.
High voltage limitation arising from insert weakness is an issue that needs to be addressed for the next test campaign to fulfill HL-LHC specification.
C. Signals for Quench Detection, Threshold, and Time Window
The safety matrix controlling the bench and magnet protection is connected to 10 electronic cards monitoring the voltage of 20 channels including 6 differential, 4 direct and 8 splice voltages. For MQXFS3 the threshold and validation time window were larger than nominal, respectively 200 mV and 20 ms. For MQXFS the nominal values of 50 mV and 10 ms were used. Protection was activated if the threshold was reached for a time longer than the validation time window.
The change in the protection parameters was mainly due to an attempt to better localize the quench to better measure its propagation, to overcome the flux jump region, or to allow higher current ramp rate. In all case, the values were set to respect the criteria of having the hot spot lower than 300 K.
D. External Energy Extraction
Although in the HL-LHC baseline the use of an external dump resistor is not foreseen for the magnet protection, in the vertical test benches it represents an efficient way to lower the energy released in the He bath and to reduce the time needed for the training, increasing the number of quenches per day. For this reason, the energy extraction was introduced in the powering circuit for both MQXFS3 and MQXFS5 tests. The dump resistor has been set to 40, 50 or 60 mΩ for the tests to respect the 1 kV limitation of the electronics according to the maximum expected current.
E. Active Protection: Heaters and CLIQ System
For magnet protection, each coil is equipped with 6 quench heaters (two in the inner layer and four in the outer layer; half in the low field zone and half in the high field zone). The quench heater strips are connected in series by pairs and powered with the 900 V LHC heater firing unit (capacity of 7 mF). In order to tune the delivered power density, additional rheostat is included in the circuit. The heater currents for each circuit of MQXFS3 and MQXFS5 were 150 A and 190 A, respectively. Including wiring, the circuit resistance measured at 1.9 K were respectively 6.4 ± 0.16 Ω and 4.77 ± 0.06 Ω yielding to power densities of 120 and 210 W/cm 2 . During the test of MQXFS3, three inner layer quench heaters circuits have burned during low current discharges. Later investigation shows large bubbles in between the conductor impregnation and the traces. For that reason, it was decided to not to use the inner layer heaters during the test of MQXFS5.
The HL-LHC baseline foresees the use of the Coupling Loss Induced Quench (CLIQ) systems. Three auxiliary leads between each coil are connected to the three extra current leads on the insert for the use of CLIQ discharge units of ±500 V, with a capacity of 40 or 80 mF.
V. MAGNET PERFORMANCE
A. Magnet Training
The training of MQXFS3 and MQXF5 are shown in Figs. 4 and 5. Both magnets reached nominal current after 7 quenches for MQXFS3 and 5 for MQXFS5, starting the training around 15 kA, corresponding of ∼70% of the short sample limit.
MQXFS3 reached 17 kA after 18 quenches, and then had a severe degradation in one coil with a loss of more than 1.5 kA. The performance degradation unexpectedly disappeared after a ramp rate test in the range 100 to 300 A/s: performance above 17 kA was recovered, and test at 4.2 K showed the same level of quench, proving a large temperature margin. At 4.2 K, the magnet reached 89% of the short sample limit. After thermal cycle a very good memory was shown with a loss of performance below 0.2 kA. The magnet was indeed shown to be on a plateau around 17 kA at the nominal ramp rate.
MQXFS5 reached the target performance of ultimate current in 30 quenches, with no detraining events. The training was stopped after reaching the ultimate current, but without the evidence of having attained a plateau. At 4.5 K performance was reduced by 0.5 kA, at 17.7 kA, i.e., 94% of short sample, and still proving the existence of a good margin. The magnet showed perfect memory after a thermal cycle.
B. Quench Location and Performance Limitation
Quench locations were determined through the analysis of the voltages taps signals. A quench antenna was also used for the second run of MQXFS3, allowing a more precise location along the magnet axis, mainly separating straight part from coil ends.
Quench locations for MQXFS3 in terms of coil number and position in the coil (Straight section, layer jump, mid-block, first block Lead End of Return End and head Lead End or Return End) are given in Fig. 6 . Most of the quenches belong to one coil (105), and all the detraining events are in coil 7. Increasing the ramp rate, the quenches in coil 7 were bypassed and the higher current were reached with quenches in different coils. The limiting quench in MQXFS3 was located in the second run through quench antenna in the lead end (see Fig. 7 ). For MQXFS5 the training was without pathologies, with progressive increase of current quenching in different coils and in different locations, see Fig. 8 . After 30 quenches, target performance was reached but the training was still ongoing. On the other hand, at 4.2 K the performance dropped by 0.5 kA, at 17.5 kA corresponding to 94% of short sample limit. Fig. 9 shows the acquisition of the flux jumps as function of the current for both magnets. It can be seen that their occurrence vanishes to noise level after 10 kA. The amplitudes are higher for RRP conductor (200 mV) with respect to PIT (100 mV). At high currents (larger than 15 kA), voltage spikes occurs as precursors to the quench with a clear increase of the activity hundreds of ampere before the critical event and different patterns from the flux jumps. Fig. 10 shows an example of events in this zone of activity with a last perturbation triggering the quench. Quench after quench, these events are occurring at higher and higher current, being compatible with a mechanical origin as cracks of the impregnation resin. The variable threshold cards have been successfully validated allowing bypassing the flux jump zone switching to low threshold (30 mV) after 10 kA.
C. Observation of Voltage Disturbances
VI. RESIDUAL RESISTIVITY RATIO (RRR), SPLICE, AND INDUCTANCE
The measured RRR were 160 for MQXFS3 and 150 for MQXFS5. In both cases this is within specification of 100. The splice resistance between Nb-Ti cable and Nb 3 Sn coil leads are all below 0.3 (0.2 ± 0.05 nΩ) for the 8 intercoil splices of both MQXFS3 and MQXFS5, also in this case within specification. The magnet inductance has also been measured (see Fig. 11 ). Both models show the same nominal value of 9.8 mH with a non-linear behavior corresponding to the conductor magnetization, more pronounced for the PIT conductor, followed by the iron yoke saturation effects. The discrepancy of few percent at low field is under investigation.
VII. CONCLUSION
The second (MQXFS3) and the third (MQXFS5) short model of the Nb 3 Sn triplet to be built for the High Luminosity LHC have been tested at CERN. MQXFS3 contained 3 CERN coils and one US coil, all made with RRP conductor. MQXFS5 was the first magnet made with PIT conductor, with all coils done at CERN. The magnet nominal current is 16.4 kA, corresponding to 78% of the short sample limit. The performance target is stable operation at 84% of nominal current, the so-called ultimate current, corresponding to 7.5 TeV proton energy in the LHC.
The magnets were tested in two new test facilities named HFM and Cluster D recently developed at CERN. Both test benches are now operational. One test bench (HFM) had an initial non-conformity in heat leaks that limited the test temperature at 2.1 K rather than 1.9 K.
MQXFS3 reached nominal current, and had large detraining in one coil. The limitation was unexpectedly overcome after a ramp test, but the training had a plateau around 17 kA and the magnet failed to reach ultimate current. Indeed, the same current was reached at 4.2 K, showing a considerable temperature margin, and the magnet had a perfect memory after thermal cycle. The limiting coil will be replaced with a new one and the magnet tested again before the end of the year 2017. MQXFS5 reached ultimate current with no detraining phenomena, had perfect memory after a thermal cycle, and a 0.5 kA reduction of performance at 4.2 K. This proved that the PIT conductor can reach target performance in MQXFS.
